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A Broadband Laser Source 

This invention relates to a broadband laser source and, more especially, to a 
wavelength-swept fiber laser source capable of being swept over large sweep ranges with 
a user-defined spectral shape and high average output powers. The broadband laser 
source may be for application in sensor systems. 

There is a demand in the area of optical fibre sensors for sources of broad 
bandwidth optical energy for use as optical monitors and probes of optical sensor 
systems. Broad bandwidth sources can be used to interrogate both interferometric based 
systems such as Sagnac loop based rotation sensors as well as sensor systems based on 
arrays of one or more narrow bandwidth fibre Bragg gratings. 
K Most broadband sources output directly amplified spont^ineous emission to 

Q provide broadband optical energy. They have not therefore required the use of a resonant 

cavity. Although the coherence and polarisation properties of the emitted radiation are 
ideal for many applications such amplified spontaneous emission based sources are not 
generally capable of simultaneously providing high output powers and sufficiently 
broadband output. Moreover, they are generally inefficient with regard to input pump 
energy. In addition the shape of the output spectrum is determined by the shape of the 
gain medium's fluorescent linewidth. 

Wavelength swept lasers are also known that provide broadband optica] energy. 
In this instance, the output is broad band in a time average sense. At any instant in time, 
the output radiation is in fact narrowband. However the central bandwidth of the output 
is repeatedly swept over a broad spectral range which can be equal to, or a fi-action of, the 
gain medium's emission linewidth 
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Wavelength swept lasers can be classified into two classes. The first class is 
^.here only a purely wavelength tuning element is incorporated within a resonant cavity 
to rapidly tune the lasing wavelength. Inthe first clas.., the output is at any instant laser- 
like, that is narrow band with a weU defined optical mode structure and polarisation 
which can lead to problems for sensor applications. As the wavelength is tuned, the 
cavity Ls prone to mode-hop thereby making for discrete changes in central frequency 
rather than continuous tuning. Moreover the laser tuning ranges are generally much 
narrower than the full emission bandwidth of the gain medium- 

The second class is where the laser includes a device inthe cavity which 
simultaneously provides explicit filtering of the circulating optical energy, but where the 
device induces a frequency shift In the second class, the narrowband radiation is at any 
instant amplified-spontaneous-emjssion-like, since the frequency shift restricts the boUd 
of a conventional lasermode structure. The lasertunes continuously. Howeverthe 
instantaneous source bandwidth, ahhough narrower than boththe fiher bandwidth and 
emission medium linewidth, is generally too broadband to facilitate many appUcations 
that make use of the wavelength swept nature of the output optical energy. Furthermore, 
resonant cavities containing both a nan'owband filter and a frequency shifter have been 
shown to have a strong tendency to generate optical puLses which strongly restrict their 
usefubicss. 

An aim of the present invention is to provide a broadband laser source capable of 
being swept over large sweep ranges without the problems of pulsing, dis-continuous 
wavelength tuning, restricted wavelength tuning and large instantaneous lincwidths, 
inherent with previous implementations. A further aim is to allow a user-defined spectral 
shape coupled with high average output powers. 
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Accordingto a non-limiting Wnbodimeat of the present mvention, there is 
provided a broadband laser source comprising: a resonant cavity containing a medium 
which emits optical energy in a continuum of wavelengths in response to application of 
pump energy to the medium; a source of pump energy for producing said optical energy; 
af^equencyshifter^vitMnthe^osoaantcavay;andatuneablesped^almterwIt^ 

resonant cavity, and the apparatus being suchthat in usethe tuneable spectral filterhas a 
peak wavelength which is repeatedly swept in a substantially resonant fashion over a 
wavelength range equal to, or a fraction of, a linewidth of the broadband source such that 
the rate of change of the peak wavelength of thetuneable spectral filter is substantially 
equal to the rate of change of the frequency of the optical energy as it is fequency shifted 
within the resonant cavity by the frequency shifter. 

The rate of change of the frequency of the optical energy should normally be 
resonant to within an accuracy of around plus or minus 10% of theresonant condition. 
Th. exact value will be dependent upon the round trip losses in the cavity, the length of 
the cavity, the gain flatness of the medium, the birefringence in the cavKy and other 
wavelengdi filtering elements within the cavity. Failure to meet the resonant condition 
may result in broadening of the instantaneous linewidth and potential pulsing 
instabilities. 

The medium may be in waveguide form such as a rare earth doped optical fibre 
or rare earth doped planar waveguide structure, or it may be a semiconductor waveguide 
structure. 

The medium may be an optica! amplifier such as an Erbium-doped optical fibre 
amplifier which may have a noise figure weU m excess of the quantum limited noise 
figure. 
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The mediun. may be in bulk fonn such as rare earth doped glass or a laser 

crystal. 

The instantaneous band..idth of the laser light emitted from the broadband laser 
source ,s less than the time-averaged bandwidth of the laser light emitted from the 
broadband laser source, which is less than the bandwidth of the optical energy emitted by 
the medium in response to application of pump energy when the medium is not placed 

inside the cavity. 

The pump energy may be suppUed in the form of electrical or optical energy. 

The tuneable spectral filter and the frequency shifter may he embodied in a single 
devrce which simultaneously provides both functions such as an acousto^ptic tuneable 
filter. 

'flie tuneable spectral filter may be an electronically and/or mechanically-tuned 
fabry-perot filter, a mechanioaUy tuned dielectric filter, a strain and/or a temperature 
tuned fibre Bragg grating a filter based on a mcchamcally tuned diffraction grating, a 
liquid crystal device, or a filter based on interferometric principles. 

The fi-equency slufter may be an acousto-optic Bragg cell, an electro^ptic single 
sideband phase modulator, or a fibre based acousto-optic frequency shifter. 

The resonant cavity may be a ring structure which contains a rare^arth doped 
single-mode optical fibre, an optical isolator, an input fibre coupler for couplingthe 
pump energy into the resonant cavity, and an output fibre coupler through which 
broadband laser light ejdte Ihe resonant cavity. 

The rare-eartb doped single-mode optical fibre may be an optical fibre amphfier 
which may have a noise figure in excess of 1 5 dB. 
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The r«,onant cavity may be a anidirectional laser structure which contains a rare- 
earth doped singlcmode optical fibre, an optical isolator for ensurirrg unidirectional 
operation, an input fibre coupler for coupling the pump energy into the resonant cavity, 
and aa output tlbre coupler through ^.hich broadband laser light exits the resonant cavity. 
The resonant cavity may be a fabry-perot structure. 
The fabry-perot structure may be formed by an optical fiber having first and 
second ends and having a reflector positioned near the first end of the optical fibre in 
wluch the reflector is substantially reflective tothe optical energy and substarrtially 

transmissiveto the pump energy. 

Ii, a first embodiment of the present invention, the broadband laser source 
includes an output coupling arrangement containing at least one narrow bandwidth 
optical filter. 

The narrow bandwidth optical filters may be optical fibre Bragg gratings which 
may be implemented in an array along one or more optical fibres. 

ll,e broadband laser source with the output coupling arrangement is usefiil for 
certain sensing applications to transform both the spectral and temporal dl^bution of 
the optical energy emitted from the cavity, l^or example sincethe optical energy output 
radiation is at any one instance spectraUy narrower than the time-averaged linewidth of 
the broadband source (and the said filter bandwidth), and has a central frequency that is 
being forced to follow the sweep in the frequency of the tuneable spectral filter, the 
reflection from an array of at least one fibre grating of narrow reflection bandwidth, 
relative to the filter sweep range and with peak reflectivity wavelengths lying within the 
sweep range can be u.sed to generate a multi-wavelength train of optical pulses of optical 
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energy whh central frequencies defined by the peak refleclivity-frequencies ofthe fibre 
gratings. 

In a second embodimenl ofthe present invention, the attenuation through the 
tuneable spectral filter is independently controUed as the peak wavelength ofthe tuneable 

spectral filter is swept. 

The peak wavelength ofthe tuneable spectral filter and the attenuation ofthe 
tuneable spectral filter may be provided by control signals which are phase locked. The 
control sigpaLs may be derived from frequency synthesiseir? or arbitrary fimdion 

generators which are phase locked. 

The peak wavelength ofthe tuneable spectral filter and the attenuation ofthe 
tuneable spectral filter may be swept synchronously to generate broadband laser light of 
precise time average spectral characteriirtics. 

The present invention also provides sensing apparatus comprising an array of 
environmentally-sensitive narrow-band reflectors and the broadband laser source. 

The present invention also provides sensing apparatus comprising at least one 
, ^ interferometer and the broadband Usersou^^^^ ^ -^Uj^ '^^fVu)XVJ(3-? 

Xlflift'^ Embodiments ofthe invention will now be described solely by way of example 

and with reference to the accompanying drawings in which: 

Figure 1 shows a broadband laser source comprising resonant cavity, a source of 
pump energy, a fi-equency shifter and a tuneable spectral filter. 

Figure 2 shows a broadband laser source where the tuneable spectral filter and 
the fi-equency shifter are embodied in an acousto-optic tuneable filter. 

Figure 3 shows a broadband laser source where the r«sonant cavity is 
implemented in a ring structure; 
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Figure 4 shows a broadband laser source where the resonant cavity is 
implemented as a unidirectional laser structure; 

Figure 5 shows a broadband laser source where the resonant cavity is 
iniplemented as a Fabry Perot structure; 

Figure 6 shows a broadband laser source containing narrow bandwidth optical 

filters; 

Figure 7 shows a broadband laser source where the attenuation through llie 
tuneable spectral filter is hidependently controUed; 

Figure 8 shows sensing apparatus comprising a broadband laser source and an 
array of environmentaUy-sensitive narrow-band reflectors; 

Figure 9 shows sensing apparatus compnsing a broadband laser source and an 

array of interferometers; 

Figure 10 shows a preferred embodiment of the invention in a unidirectional ring 

geometry; 

Figure 1 1 shows theoretical results on the spectral shape of the emitted 
instantaneous broadband laser ligjht; 

Figure 12 shows theoretical results on the spectral shape of the emitted 
instantaneous broadband laser ligiht; 

Figure 13 shows theoretical results on the spectral shape of the emitted 
instantaneous broadband laser light; 

Figure 14 shows e)cperimental measurements on the spectral shape of the emitted 

instantaneous broadband laser light; 

Figure 15 shows experimental measurements on the linewidth of the 
instantaneous emitted broadband laser light as a function of filter sweep rate; 
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Figure 16 shows experimental measurements on the position of the instantaneous 
emitted broadband laser Ught relative to the peak wavelength of the acousto-optic 
tuneable filter; 

Figure 17 shows theoretical estimates of the instantaneous emitted broadband 
laser light iinewidth as a function of sweep frequency; 

Figure 18 shows theoretical estimates of the instantaneous emitted broadband 
laser light Iinewidth as a function of the acousto-optic filter bandwidth; 

Figure 19 shows experimental measurements on the Unearity of the peak 
wavelength of the instantaneous emitted broadband laser Ught versus time; 

Figure 20 shows experimental measurements on the deviations from linearity of 
the peak wavelength of the instantaneous emitted broadband laser light versus time; 

Figure 2 1 shows experimental measurements of the time-averaged spectrum over 

a scan of 20nm; 

Figure 22 shows experimental measurements of the instantaneous output power 
as a function of time as the source is swept; 

Figure 23 shows experimental mea«airement of optical pulses emitted from the 
broadband laser source in a non-resonant condition; 

Figure 24 shows the time-averaged spectrum corresponding to Figure 23; and 

Figure 25 shows experimental measurement of time-averaged shaped optical 
spectra obtained by synchronous modulation of the acousto-optic tuneable filter peak 
«;avelenffth and attenuation in a resonant condition. <r-^^<^ r-^ 

With reference to Figure 1, there is shown a broadband laser source compnsmg: a 
resonant cavity 1 containing a medium 2 which emiU optical energy 3 in a contmnum of 
wavelengths in response to appUcation of pump energy 4 to the medium 2; a source of 
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pump energy 5 for producing said optical energy 3; a frequency shifter 6 within the 
resonant cavity 1; and a tuneable spectral filter 7 withinthe resonant cavity 1, and the 
apparatus being such that in use the tuneable spectral filter 7 has a peak wavelength 
which is repeatedly swept in a substantially resonant fashion over a wavelength range 
equal to, or a fraction of, a linewidth of the broadband source such that the rate of change 
of the peak wavelength of the tuneable spectral filter 7 is substantially equal to the rate of 
change of the frequency of the optical energy 3 as it is frequency shifted withinthe 
resonant cavity 1 by the frequency shifter 6. 

With reference to Figure 2, there is shown a broadband laser source in which the 
tuneable spectral filter 7 and the frequency shifter 6 are embodied in an acousto-oplic 
tuneable filter 20. 

With reference to Figure 3, there is shown a broadband laser source in which the 
resonant cavity lis a ring stnicture 30 which contains a rare-earth doped single-mode 
optical fibre 3 1, an input fibre coupler 33 for coupling the pump energy 4 from a fibre 
pig-taUed pump 36 into the resonant cavity 1, and an output fibre coupler 34 through 
which broadband laser ligjit 35 exits the resonant cavity 1. 

If the rare-earth doped single-mode optical fibre 3 1 is an erbium-doped optical 
fibre, then the fibre pig-tailed pump 36 would preferably be a semiconductor laser diode 
with a wavelength of 980nm or 1480nm desigaed for inclusion in commercial Fjbium 
fibre amplifiers for the telecommunication industiy. It is generally preferable to 
incorporate an isolator to ensure that the laser has unidirectional operation to prevent 
instabilities. 

With reference to Figure 4, there is shown a broadband laser source in whidithe 
resonant cavity 1 is a unidirectional laser structxire 40 coa-rtructed with mirrors 41 and an 
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output coupler 42 through which broadband laser light 44 exits the resonant cavhy 1 . 
The medium 2 is a bulk medium 45 such as a crystal of tftaniurn sapphire or a rare-earth 
doped glass. An optical isolator 43 is incorporated into the cavity 1 for ensuring 
unidirectional operation. 

With reference to Figure 5, there is shown a broadband laser source in which the 
resonant cavity 1 Ls a fabry-perot structure 50 formed by an optical fiber 5 1 having first 
and second ends 52, 53 and having a reflector 54 positioned near the first end 52 of the 
optical fibre 51 in which the reflector 54 is substantially reflective to the optical energy 3 
and substantially transmissive to the pump energy 4. An acousto-optic filter 20 is 
incorporated into the cavity 1. An output coupler 55 forms the end of the cavity through 
which broadband laser light 56 exits the cavity 1 . Lenses may be required between the 
fir?rt and second ends 52. 53 and the reflector 54 and the output coupler 55. 
Alternatively, the first and second ends 52, 53 may be butt-coupled to the reflector 54 
and the output coupler 5 5 . 

With reference to Figure 6, there is shown a broadband laser source comprising: a 

SI 

resonant cavity 1, containing a medium 2 which emits optical energy 3 in a continuum of 
wavelengtlis ui response to application of pump energy 4 to the medium 2; a source of 
pump energy 5 for producing the optical energy 3; an output coupling arrangement 60 
containing at least one narrow bandwidth optical filter 61; a frequency shifter 6 within 
the resonant cavity 1 ; and a tuneable spectral filter 7 within the resonant cavity 1 , and the 
apparatus being such that in use tlie tuneable spectral fiher 7 has a peak wavelength 
whidi is repeatedly swept in a substantially resonant fashion over a wavelength range 
equal to, or a fraction of, a linewidth of the broadband source such that the rate of change 
of the peak wavelength of the tuneable spectral filter 7 is substantially equal to the rate of 
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change of the frequency of the optical energy 3 as it is frequency shifted within the 
resonant cavity I by the frequency shifler 6. 

In Figure 6, the narrow bandwidth optical filters 6 1 are shown implemented in an 
array 62. The narrow bandwidth optical filters 61 may preferably be optical fibre Bragg 
gratings which may be written into a single optical fibre. Pulsed broadband laser light 64 
may be obtained in reflective mode from the array 62 by seperating meaas 63 which may 
be preferably a circulator, a beam splitter, an optical fibre coupler, a polarisation beam 
splitter, or a pelicule. Complementary pulsed broadband laser Ught 65 is emitted from 
the end of the array 66. 

With reference to Figure 7, there is shown a broadband laser source comprising: a 
resonant cavity 1 containing a medium 2 which emits optical energy 3 in a continuum of 
wavelengths in response to application of pump energy 4 to the medium 2; a source of 
pump energy 5 for producing the optical energy 3; a frequency shifter 6 within the 
resonant cavity 1 ; and a tuneable spectral filter 7 within the resonant cavity 1 , and the 
apparatus being such that m use the tuneable spectral filter 7 has a peak wavelength 
which is repeatedly swept in a substantially resonant fashion over a wavelength range 
equal to, or a fraction o^ a linewidth of the broadband source such that the rate of change 
of the peak wavelength of the tuneable spectral fiher 7 is substantially equal to the rate of 
change of the frequency of the optical energy 3 as it is frequency shifted within the 
resonant cavity 1 by the frequency shifter 6 and in which the attenuation tlirougji the 
tuneable spectral filter 7 is independently controlled as the peak wavelength of the 
tuneable spectral filter 7 is swept. 

The peak wavelength of the tuneable spectral filter 7 and the attenuation of the 
tuneable spectral fiher 7 are provided by control signals 71, 72 which may be phase 
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locked, synchronous or asynclironous. The control signals 71 , 72 may be derived from 
frequency synthesisers 73, 74. 

With reference to Figure 8, there is shown sensing apparatus comprisiag an array 
81 of environmentally-sensitive naaow-band reflectors 82 and a broadband laser source 
83. The broadband laser source 83 may be any embodiment of the broadband laser 
sources described herein. 

An example of the use of such a sensing apparatus h where the broadband laser 
source is employed as a wavelength swept laser source and the environmentally-sensitive 
narrow-band reflectors 82 are constructed from optical fibre Bragg gratings. The 
wavelength of light reflected from the optical fibre Bragg gratings is known to be 
sensitive to temperature and strain. Readout instrumentation such as a high speed 
oscilloscope can therefore be used to display the reflected fight from the array 8 1 and the 
temporal position of each reflected pulse used to identify the optical fibre Bragg grating 
and to infer the wavelength reflected. Hence the local environmental parameter at the 
respective optical fibre Bragg grating can be determined. It would also be possible to 
separate the individual optical fibre Bragg gratings using spectral measurements of the 
reflected radiation if eacli optical fibre Bragg grating reflected light at a different 
wavelength. 

With reference to Figure 9, there is shown sensing apparatus comprising at least 
one interferometer 90 and a broadband laser source 91. By scanning the broadband laser 
source 91 in a similar manner to that described in Figure 8, it is possible to separate the 
returns from individual interferometers 90 in time. The reflected Ught can thj^refore be 
interrogated with readout electro-optic instrumentation (not shown) using one of tlie 
many techniques known in the art and the measurements from each inteiiferometer 90 
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demuhiplexed temporally. It would also be possible to separate the individual 
interferometers using wavelength division multiplexing of the reflected radiation if each 
interferometer 90 reflected light at a different wavelength. 

Figure 10 shows a preferred embodiment of the broadband laser source which Is a 
wavelength swept fibre laser 100. The wavelength swept fibre laser 100 is in a 
unidirectional ring configuration and comprises a rare-eart)i doped fibre 101, an output 
fibre coupler 102, an acousto-optic tuneable filter 103, polarisation controllers 104, a 
pump laser 105, an input fibre coupler 106, an isolator 107, a first synthesiser 108 for 
controUmg the peak wavelength of the acousto-optic tuneable filter 103 and a second 
synthesiser 109 for controlling the optical attenuation through the acousto-optic tuneable 
filter 103. In use, the peak wavelength of the acousto-optic tuneable filter 103 Ls 
repeatedly swept in a substantially resonant fashion over a wavelength range equal to, or 
a fraction of a line width of the broadband source such that the rate of change of the peak 
wavelength of the acousto-optic tuneable filter 103 is substantially equal to the rate of 
change of the fi-equency of the optical energy 3 as it is fi^equency shifted within the 
resonant cavity 1 by acousto-optic tuneable filter 103. 

The first and second synthesb;ers 108 and 109 are preferably phase locked. 

The rare earth doped fibre 10 1. is preferably an erbium doped optical fibre. 

The pump laser 105 is preferably a fibre-pigtailed semiconductor laser. 

The rare-earth doped fibre 101, pump laser 105, input coupler 106 and isolator 
107, arc shown configured as an optical amplifier 110. It may preferable in certain 
embodiments to have an isolator 107 located at both the input III of the optical 
amplifier 1 10 and the output 1 12 of the optical amplifier 1 10. 
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Tlie combined eflFects of frequency-shifted feedback and optical filtering within a 
laser cavity can lead lo a number of interesting regimes of laser operation and has 
attracted considerable attention within recent years. Most work in the area to date has 
considered the cavities in which light experiences a fixed frequency shift per round-trip 
and Ls filtered by a bandpass filter of fixed transmission, bandwidth and central 
frequency. 

The preferred ernbodiment shown in Figure 10 provides a high spectral 
brightness modeless laser output. However, if the acousto-optic tuneable filter 103 is not 
l%l swept in wavelength, pulsed operation can occur. 

fy In the modeless laser case, the acousto-optic tuneable filter 103 is not swept and 

ry the laser source is a frequency shifted laser. In a frequency shifted laser, the frequency 

u 

Hi shift per round-trip prevents a coherent build up of the laser mode-structure resulting in a 

Ql broadband, mode-less output with a spectral envelope determined by the characteristics 

Cl of the drive signals to the acousto-optic tuneable filter 103 and the magnitude of the 

^ frequency shift. 

In pulsed operation however, trains of short (typically 10 ps - 1 n>s) pulses are 
generated. The pulsed operation is self starting, and. unlike active mode-locking, does 
not require any resonant matching of the frequency shift per round-trip to the round-trip 
frequency of the cavity 1 . 

The tendency for pulsing is particularly strong in fretpency-shifted fiber lasers 
where stable trains of mode-locked pulses arc typically generated. This may be 
attributable to the nonlinear Kerr effect occurring within the optica) fiber. Frequency- 
shifted fiber lasers intrinsically favour pulsed rather than continuous wave operation 
because a nonlinear pulse, restoring its spectrum by self phase modulation after being 
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shifted away from the peak transmission wavelength of the acousto-optic tuneable filtei^ 
103, experiences less Joss in the acousto-optic tuneable filter 103 than linear radiation. 

Another way of viewing the pulse formation process is that the self phase 
modulation of the intra-cavity field acts as a phase seeding mechanism, establishing a 
phase distribution throughout the spectrum and eventually the formation of stable optical 
pulses. Such pulsed laser operation has much in common with the use of sliding- 
frcquency filters for soliton control within solrton communications systems. In this 
instance, the central frequencies of nouie reduction filters within a transmission line are 
Si slid such that soiiton pulses, which can adjust their central frequencies to pass tliough the 

fy filtered line tlirough the combined mfluence of nonliiiearity and dispersion, suffer lower 

U ! 

ry loss than linear radiation allowing for enhanced soiiton transmissioa Techniques for 

tfj suppressing this pulsing in frequency shifted fibre lasers are a key issue if one is 

Cl interested in operating them in a mode-less laser mode. 

. 

^? 

B With recent developments of acousto-optic tuneable fiUers it has become possible 

Mi? 

^ to envisage fiber laser cavities in which the filtering and frequency shift per round-trip 

are no longer fixed quantities but become time dependent. In particular, the possibility to 
rapidly and smoothly change the central frequency of a filter transmission peak by 
electronic means should allow for rapid, continuous sweeping of the output wavelength 
of a fiber laser. Such wavelength-swept fiber lasers have a wide number of applications 
ranging from low coherence interferoraetry, sensor interrogation, device instrumentation 
and characterisation through to tedmiques such as optical frequency-domain 
reflectometry. In particular, wavelength swept fibre lasers offer an attractive option for 
simple and effective spectral demultiplexing schemes in fiber grating sensors, providing 
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higher spectral densities and narrower spectral resolution than the conventional methods 
utilising a combination ot" broadband sources and scanning narrowband receivers. 

The principal factor deteimioing the operation of a wavelength swept fibre laser 
relates to the interplay of the fi^qucncy shift (wavelength shift) and change in the peak 
wavelength of the tuneable spectral filter 7 per round-trip. Consider a wavelength swept 
fibre laser having a filter and a frequency shifter in the cavity. On each round-trip, the 
laser spectrum in the cavity is shiCled in frequency by f^^ and reshaped by the spectral 

^ filter whose peak frequency (wavelength) is shifted by /^ntcr in one round-trip. In a 

u 

^ spectral reference frame moving with tlie filter passband, the filter peak frequency is 

5 J; static, but tlie laser spectrum is shifted by f^s^ -^ir^r The output characteristics of the 

wavelength swept fibre laser are therefore largely predictable from those of a 
J*' conventional frequency shifted fibre laser with an unswept filter and an effective 

Jj frequency shift per roimd-trip. 

m A simple analytic model was developed which ignored the influence of 

1 nonlinearity to predict the spectral characteristics of a frequency shifted fibre laser. The 

model showed that the envelope of the frequency shitted fibre laser output spectrum at a 
given optical power is determined only by the filter bandwidth, the frequency shift, and 
the spectral density of the spontaneously emitted light in the gain medium. The model 
also showed that the steady-state spectrum has its peak oflfeet from the filter peak 
frequency. The offset frequency and the linewidth were proportional to, approximately, 
f>^^fFs and fc^ l^ps f^, respectively, where i> is the filter bandwidth. This, on its own, 
imphes both the offset and linewidth are minimised in the wavelength swept fibre laser 
casje by matching the filter sweep rate to the frequency shift, te. = y^g. This is 

n 
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illustrated in Figures 11, 12 and 13. In this resonant case, amplified spontaneous 
emission light generated under the filter peak at the start of the filter sweep remains under 
the peak as the filter is swept across the amplifier gain profile and consequently 
experiences sigpificant spectral narrowing with respect to the non resonant case. From a 
nonlinear perspective one may also eji^ject tliat this would lead to a reduction in the 
tendency ofthe wavelength swept fibre laser to pulse since, in the resonant case, it should 
be narrowband linear radiation moving under the peak center rather than a nonlinear 
pulse that should experience the least loss. In terms ofthe previous fibre swept fibre laser 
analogy with controlled soliton transmission systems, the resonantly swept wavelength 
swept fibre laser (for example, the preferred embodiment shown in Figure 10) 
corresponds to a soliton transmission line with fixed filters with the same central 
Frequency. 

A full nurnerical simulation code for a wavelength swept fibre laser was 
developed and investigated to ascertain the influence of nonlinearity and amplified 
spontaneous emission noise within the system. The resuhs of the simulation showed that 
resonant sweeping ofthe intra-cavity filter can help in the suppression of pulsing in such 
systems but also that amplified spontaneous emission noise can also play a major part in 
this pulsing suppression. The addition of strong, randomly-phased, amplified 
spontaneous emission noise to the re-circulated, non-linearly generated seed signal can 
prevent the build up of a constant phase relationship across the emission spectral 
bandwidth, thereby fioistrating the formation of puLsed output. In order to enhance the 
wavelength swept fibre lasers stability one should therefore use a doped fibre amplifier 
with a large noise figure and/or operate the system at high gain for example with large 
output coupling within the system. 
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An experimental validation of the preferred embodiment shown in Figure 10 of 
the broadband laser source (a resonantly-swept wavelength swept fibre laser) was 
conducted. The acousto-optic tuneable filter 103 was a bulk-optic device based on 
polarisation conversion, although any other form of acousto-optic tuneable filter may be 
used. Furthermore it would be possible to have separate components to perform the 
filtering and jfrequency shifting functions, for example a scanning fabry perot fiher and 
an acousto-optic Bragg cell, llie frequency shift associated with the acousto-optic 
tuneable filter 103 was around -rS^ MHz and the acousto-optic tuneable filter 103 had a 
4 nm bandwidth around 1550 nm. The transmission peak wavelength of the acousto- 
optic tuneable filter 103 was tuned around 1550 nm by variation of the drive frequency 
of the acousto-optic tuneable filter 103 which had a slope coefficient of -20.6 nm/MHz. 
The total insertion loss of the acousto-optic tuneable filter 103 was 2.5 dB for 0.7-W 
applied power. The first and second synthesisers 108 and 109 were two commercially- 
available arbitrary fimdion generators which were phase locked. The attenuation 
through the acousto-optic tuneable filter 103 was linearly dependent on the outpxit 
voltage from the second synthesiser 109 and the peak wavelength of the acousto-optic 
tuneable filter was lineai'ly dependent upon the vohage from the first synthesiser 108. We 
could therefore synchronously and independently control the attenuation and the peak 
wavelength of the acousto-optic tuneable filter 103 as a function of time. 

The prcfciTcd embodiment sliown in Figure 10 was evaluated by implementing 
the optical amplifier 1 10 with a first ampUfier (not shown) and a second amphfier (not 
shown) in turn. The first amplifier was based upon a 10-m-long Erbium/Ytterbium co- 
doped fiber, backward pumped by a diode-driven Neodymium - YLF laser giving 600- 
mW maximum fiber-coupled output power at 1047 nm. The first amplifier was 
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considerably over length from conventional amplifier design perspectives resulting in a 
large noise figure which was measured to be 20 dB (at 1555 nni) under openiting 
conditions similar to those experienced within the cavity 1. The saturated output power 
from the first amplifier was 22 dBm and maximum small signal gain 22 dB (at 1550 
nm). 

The second amplifier was a low-noise, erbium-doped fibre amplifier pumped in a 
co-propagating geometry with a 100 mW, 980 nm diode laser The small signal gain of 
the second amplifier was 38 dB at the 1532 nm gain peak, and the saturated output 

u 

power was 13 dBm. The noise figure of the second amplifier was measured to be 5 dB at 
the gain peak. Although these experiments were performed using erbium doped, silica 

ry fibres operating at 155Gnm fibre amplifiers based on other rare earth dopants e.g. 

U 

51 Ytterbium, Neodymium, Thulium and glass hosts such as Fluoride fibres, Chalcogenide 

Q fibres etc. may be used wiUiin such broadband sources to obtain operation at other 

Q wavelengths. I'urthcimore, elaborate fibre types may be used such as cladding pump 

? fibres which pennit the pump energy to be derived firom (high power) broad stripe laser 

^; 

diodes and which would allow for much higher output power levels - up to the multi-watt 
regime. 

The output coupler 102 coupled 90*^ of the optical energy out of the cavity 1, 
but other values of output coupling, both higher and lower, could also be used. The total 
length of the cavity I was around 20 m when tl^e cavity 1 contained either the first 
amplifier or second amplifier Control of the intra-cavity birefringence was provided 
through incorporation of two polarisation controllers 104 m the cavity 1. 'fhe cavity 1 
could ahematively be constructed from all polarisation maintaining components allowing 
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robust, single polarisati on slate operation. The round-trip loss of the cavity 1 (excluding 
output coupling) was approximately 3 dB. 

Operation of the broadband laser source was initially examined without scanning 
the peak wavelengfh of the acousto-optic tuneable filter 103 using fust and second 
amplifiers in turn. Initially the second ampMer was used. Output coupling from the 
cavity I in this instance was arranged to be from the 10% port of the output coupler 102. 
The laser was found to produce self-starting pulses for almost all settings? of the 
polarisation controllers 104 at a few iO's of mW of launched pump power. Pulsed 
operation was by far the preferred mode of operation for this la<?er configuration. The 
pulsing was characteristic of that of most forms of passively mode-locked soliton fiber 
laser with chaotic pulsing at high average powers and stabilised pulse bunches at low 
pump power. Stable fundamental mode-locking was readily obtained by accurate control 
of the pump power. Pulsin g was also largely sustained during resonant sweeping of the 
central fi'cquency of the acousto-optic tuneable filter 103. 

The second amplifier was then replaced vnUi the first amplifier In addition, the 
total loss of the cavity 1 was increased by taking the output from the 90% port of the 
output coupler 102. The amplified spontaneous emission noise power was consequently 
increased by two orders of magnitude relative to the previous experiment. In this 
instance, the laser output was typically a continuous wave. Only near the threshold pump 
power and by very careful alignment of the fiber polarisation controllers 104 was it 
possible to observe any form of pulsing. Once the peak wavelength of the acousto-optic 
tuneable filter was swept, any possibility for pulsed operation was completely lost. The 
modeless, continuous-wave linewidth was between 30-50 GHz depending on the laser 
output power. 



1/ 



08/09 97 MON 11:55 FAI 0181 293 5920 



Graham Jones & Company 



lANDIORIO 



i)026 





21 



Q 

nj 

y 1 

HI 

Ci 

m 

B 

--=31 i 

|i 



The laser performance was systematically examined under swept operation for 
the cavity 1 incorporating the second amplifier and 90% output coupling from the output 
coupler 102. Initially the laser performance with a linear sweep in the peak wavelength 
of the acousto-optic tuneable filter 103 was examined. Practically this was achieved 



acousto-optic tuneable filter was thereby linearly swept between fixed wavelength 
extremes defined by the amplitude and DC offset of the saw-tooth wave at a sweep 
fi:equency ^v^«p As the acoustic fi^equency is swept upward in frequency, the peak 
wavelengtli of tlie acousto-optic tuneable filter 103, and thereby the wavelength of the 
output radiation, is swept downward in wavelength. The resonant saw-tooth sweep 
frequency depended on the sweep range, lengtli of the cavity 1 and frequency shift per 
pass induced by the acousto-optic tuneable filter 103, For example, in the case of a 20 
nm (2.5 TEz) sweep, = 68 MHz and a cavity round-trip frequency of 10 MHz, the 
resonant sweep frequency is calculated to be 275 Hz. It should be noted that resonant 
sweeping across the fiill frequency range should actually require a slightly nonlinear 
wavelength variation with time since the acoustic shift per pass varies slightly as the peak 
wavelength of the acousto-optic tuneable filter 103 is swept. The 20 nm sweep requires 
a 1 MHz or -1.5% variation in the magnitude of frequency shift. Exponential-type 
wavelength sweeps were designed to correct for this higher order effect but no significant 
difference was observed from the simpler linear sweep for the experimental 
measurements made to date. The acoustic amplitude was kept constant across the full 
frequency sweep range for our initial experiments. 

The instantaneous linewidth of the swept laser output as a function of sweep 
frequency was examined. The measurement was made at a fixed wavelength within the 



using a saw-tooth waveform from the first synthesiser 108. The peak wavelength of the 
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scan range by examining the temporal response of the reflection of the swept laser output 
trom a fixed narrowband fiber grating (bandwidth 7 GHz, centred at 1558 mn) placed 
close to the broadband laser output. The plot in Figure ) 4 shows the typical temporal 
return from the fiber grating at three different sweep frequencies of (a) 250 Hz, (b) 270 
Wa, and (c) 290 Hz, for an output power of 3 mW. The temporal width of the reflected 
signal has a minimum ai'ound = 270 Hz. The reflected output deviates from a 
Gaussian either side of resonance (250 and 290 Hz). Assuming the offset frequency to 
be zero at f^^^ = 270 Hz, the position of the peak frequency of the acousto-optic 
tuneable filter 103 is marked with a dotted line in Figure 14, clearly illustrating that the 
pulse locates itself on opposite sides of the peak wavelength of the acousto-optic tuneable 
filter 103 on cither side of resonance. On resonance the specti-um locales itself under the 
peak of the effective gain curve. 

From this experiment, it was possible to measure the instantaneous linewidth and 
oflfeet from the peak wavelength of the acousto-optic tuneable filter 103 as a function of 
sweep frequency. Figure 15 shows the measured linewidth for the 20-nm wavelength 
sweep from 1544 nm to 1564 nm at two different output power levels of (a) 3 mW and 
(b) 100 mW. It is seen that a significant reduction in iastantaneous linewidth was indeed 
observed as anticipated at a frequency of around 270 Hz, close to that predicted for 
resonant sliding of the filter peak. However, it should be noted that the exact position of 
the resonant peak varied slightly (+/- 20Hz) depending on the states of the polarisation 
controllers 104, This variation is attributed to the polarisation dependence of the 
acousto-optic tuneable filter 103 associated with the wavelength-dependent birefringence 
of the cavity ) . This effect locally affects the sliding rate of the overall gain shape and 
thereby the effective resonant sweep rate. , At low output powers of a few mW, the 
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measured linewidths were -30 GHz away from resonance, however these narrowed up to 
as low as 9 GH2 (0.072 nra) on resonance. At high output power of around 100 tnW, the 
minimum achievable hnewi<Jths were limited to 25 GHz or so, as opposed to the non- 
resonant linewidths of order 50-60 GHz. The measurements were repeated for 
wavelength sweeps ranging from 2 to 38 nm for both linear and exact exponential 
wavelength sweeps but no further linewidth reduction was possible. From Figure 15, it 
can be seen tlut appreciable spectral narrowing can be obtained for sweep rates in the 
range plus or minus 1 0% of the resonant sweep frequency of 270Hz. 

Figure \6 shows the measured offset frequency between the spectral peak of the 
laser output and the centre frequency of the acousto-optic tuneable filter 103 for the 20 
nm sweep at 3 mW output power level. As expected, the spectrum locates itself at 
opposite sides of tlie peak wavelength of the acousto-optic tuneable fitter 103 for sweep 
frequencies greater and less than the resonant case. 

The wavelgtigth swept fibre laser for a variety of filter sweep fi^quencies around 
resonance was .simulated. The initial noise spectrum was found to stabUize after an initial 
traasient stage and reach the final steady state envelope after a few hundred to a few 
thousand round-trips, depending on the filter sweep rate. The specfral oUset and width 
were measured and averaged from m = 3000 to 4500 round-trips. The results for output 
powers of (a) 3 mW and (b) 100 mW, are shown by dashed lines in Figures 15 and 16. 
For these plots small-signal gains of 13.25 dB (Go - 21.13) and 20.8 dB (Go - 120.2) 
were chosen for the 3 and 100 mW output powers, respectively, and the total cavity loss 
wasl3dB{/.,o, = 0.05). 

From Figures 15 and 16, it is seen that the numerical modeUing is in excellent 
agreement with the experimental observation, except for some discrepancy for the case of 
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100-mW output power predicting both, the expected fall off in linewidth for resonant 
sweeping, the correct spectral h'ne width both on and off resonance and the correct degree 
of linewidth broadening associated with the increased output power. Interestingly, it was 
found from the simulations that witliout the nonlinear effect, i.e. ^ 0, as the output 
power increased, the spectrum moved farther away from the peak wavelength of the 
acouslo-optic tuneable filter 103, and the linewidth decreased because of the increasing 
slope of the transmission profile of tlie acousto-optic tuneable fiher 103. However, the 
opposite occurred when the nonlinearity was turned on, that is, as the output power 

CI 

increased, the offset decreased, and the linewidth increased, due to additional self-phase 

W modulation, 

111 

J^^ Having validated the numerical model agaiast experimental data, investigations 

5^ were then conducted into the possibility for fimher linewidth reduction by reduction of 

the bandwidth of the acousto-optic tuneable filter The expected linewidth as a function 
of filter sweep rate at sweep rates around resonance are shown in Figure 1 7 for values of 
the bandwidth of the acousto-optic tuneable filter 103 of 0.1, 0.4, and 1 nm. Significant 
reductions in linewidth were obtained on resonance as with the 4 nm filter. A plot of the 
minimum (resonant) linewidth as a function of the bandwidth of the acousto-optic 
tuneable filter 103 is given in Figure 18 where it Ls seen that considerable reductions in 
swept linewidth can be envisaged. For example, a 1-nm filter results in a swept 
bandwidth of 2.5 GHz (<0.02 nm). 

In order to experimentally determine the absolute wavelength accuracy of the 
source across the fiiU wavelength span, the output was sampled at fixed time delays from 
the start of the wavelength scan by using an acousto-optic switch at the output of the 
broadband laser source. The switch was held open for 2 |ua after a given delay time, and 
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the peak wavelength of Ihe output was measured on an optical spectrum analys(5r of 
0.05-nm resolution using the max-hold, or average measurement option. The 
experimental values from the resonant tracked case could then be compared with that 
predicted from the calibrated, linear filter tuning characteristic The results ai^c plotted in 
Figure 19 where it can be seen that reasonably linear tuning characteristics arc obtained 
over the full scan. The root mean square deviation from the desired linear tuning curves 
was 0.153 nm with a peak-to-peak deviation of <0.4 nm over the 20 nm range [Figure 
20]. The deviations are attributed to the wavelength-dependent gain profile of the first 
amplifier and birefringence in the cavity 1 and could in principle be eliminated by higher 
order corrections of the sweep characteristics of the acousto-optic tuneable fdter 103. 

The time average output from the source as measured on the peak hold function 
of an optical spectmm analyser over repeated scaas on resonance is shown in Figure 21 
where it can be seen that a well defmed square average output spectrum was obtained 
with less than l.O dB variation across the full sweep range of 20 nm (average output 
power 100 mW). Variations of <0.4 dB (output power 102 mW) and <6 dB (output 
power 91 mW) were achieved for resonant sweeps of 10 nm and the maximum 38 nni, 
respectively. A plot of typical tmie domain behaviour under resonant sweeping 
conditions is shown in Figure 22 where it is seen that after a brief period of relaxation 
oscillation at the beginning of the wavelength sweep the output settles to a reasonably 
level continuous wave output over the remainder of the scan. 

The spectral shape and output power were ahnosi independent of the sweep 
frequency up to 7 kHz at the maxunum pump power. However, as the sweep frequency 
increased higher tlian 7 kHz, the relaxation oscillation at the beginning of the sweep 
became so significant that the pulsed outputs were obtamed, as shown in Figure 23 and 
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Hgurc 24 in the case of a 10 nm sweep at^,,^ = 9.3 kHz. The pulse repetition rate was 
-80 kHz and output power 60 mW. Each individual puke had a duration of order 1 
micro second and was associated with one of the peaks in the spectral domain. The 
harder the system was pumped the greater the number of pulses per sweep cycle. 

Finally, the possibilities for designer average spectral output profiles were 
investigated. This was done by simultaneously varying the attenuation through the 
acousto-optic tuneable filter 103 as its trequency was tuned. For this purpo.se there is 
demonstrated the generation of triangular and square wave modulated forms over a 10 
nm wavelength span by using triangular-wave and square-wave signals from the second 
synthesiser 109, see Figure 25. 

It is to be appreciated that the embodiments of the invention described above with 
reference to the accompanying drawings have been given by way of example only and 
that modification and additional components may be provided to enhance the 
perfonnance of the apparatus. 



